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1. Fracturing evidences 




 Small scale (laboratory) :   Large scale (galleries) : 
 
 - Loading    - Excavation 
 
 - Strain localization    - Stress redistribution 
   in shear band mode 
      - Fracturing / Damage zone 




Bossart et al., 2002 Mokni and Desrues,1999 
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In situ evidences : 
 



























Major issues :  prediction of the extension and fracturing structure. 
 
        study - damaged zone development with shear strain localisation,  
   - influence of the gallery ventilation. 
 
 
1. Fracturing evidences 
Front of the section GED1002 
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Material : 
 
Partially saturated porous media, 2 phases : solid + water 
 
Homogenised mixture mass density :  
 
Bishop’s stress definition : 
 
   
 
Solid phase behaviour : 
 
Solid grain density variation :  
 






Fluid phase behaviour : 
 
Fluid mass flow (advection, Darcy) : 
 
 
Water retention and permeability 








2. Material behaviour 
,'ij ij r w w ijb S p   
  ,1s w r wn nS    
  ,
'






    


















































    




, , ,1 1
M
M
r w r w r wk S S
   
  
Fracturing evidences Material behaviour Numerical results Conclusions 5 
Mechanical model – 1st gradient model : 
 
 
The constitutive mechanical law for the clayey rock is : 
 
- a non-associated elasto-plastic internal friction model,  






- allowing hardening/softening of φ and/or c as a function 
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2. Material behaviour 
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The continuum is enriched with microstructure effects. The kinematics include the classical one  
(macro) and the microkinematics (Toupin 1962, Mindlin 1964, Germain 1973, Collin et al., 2006).  
 





Sijk is the double stress, which need an additional constitutive law : linear elastic law (Mindlin, 1964)   







It depends only on one elastic parameter  D. The shear band width is proportional to this parameter.  
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Synthesis of Callovo-Oxfordian claystone 













2. Material behaviour 
Symbol Name Value Unit 
E Young’s modulus 4000 MPa 
ν Poisson’s ratio 0.3 - 
b Biot’s coefficient 0.6 - 
ρs Specific mass 2300 kg/m³ 
ψ Dilatancy angle 0.5 ° 
φ0 Initial friction angle 10 ° 
φf Final friction angle 20 ° 
Bφ Friction angle hardening coefficient 0.002 - 
c0 Initial cohesion 3 MPa 
cf Final cohesion 0.3 MPa 
Bc Cohesion softening coefficient 0.003 - 
D Second gradient elastic parameter 5000 N 
Symbol Name Value Unit 
khor Horizontal intrinsic water permeability 4 10
-20 m² 
kvert Vertical intrinsic water permeability 1.33 10
-20 m² 
n0 Porosity 0.18 - 
M Van Genuchten coefficient 0.33 - 
N Van Genuchten coefficient 1.49 MPa 
Pr Van Genuchten parameter 15 Pa
-1 
Friction angle hardening 
Cohesion softening 
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3. Numerical results for gallery excavation – 2D 
Numerical modelling (LAGAMINE-ULg) : 
 
 
By symmetry: quarter of the gallery 
 
 
HM modelling in 2D plane strain state. 




Anisotropy (Andra URL) : 
 
  hydraulic permeability anisotropy 
 
  khor/vert = 4 10
-20 / 1.33 10-20 [m²] 
 
  initial anisotropic stress state 
 
 pw,0 = 4.5 [Mpa] 
 
 σy,0 = σz,0 = 12 [Mpa] 
 




(Zervos et al. 2001) 
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3. Numerical results for gallery excavation – 2D 
Numerical modelling (LAGAMINE-ULg) : 
 
 
Pressure at gallery wall : 
 
  gallery excavation : σx and σy decrease 
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Ventilation 
RH = 80% 
pw = -30.7 [MPa] 
No ventilation 
RH = 100%  
pw = 0.1 [Mpa] 
Localisation zone : no ventilation 
  
 
             End of 















3. Numerical results for gallery excavation – 2D 
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Localisation zone : ventilation 
  
 
             End of 















3. Numerical results for gallery excavation – 2D 
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Localisation zone :  
 
 
Chevron fracture pattern corresponding to in situ observations (Cruchaudet et al., 2010b). 
 
Chevron fractures concentrated above the gallery because of the anisotropic stress state. 
 
The extension of the excavation damaged zone obtained numerically corresponds fairly well to the in  





        Numerical result      Observations 






3. Numerical results for gallery excavation – 2D 
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0.5 m 
4.6 m 
3. Numerical results for gallery excavation – 2D 
Cross sections :  
 







              Pore water 













              Degree of 
              saturation 
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Convergence :  
 
 

















Important during the excavation and keeps increasing afterwards. 
 
 
Anisotropic convergence because of the shear strain localisation bands located above the gallery. 
 
 
Experimental results from a gallery of the Andra URL (Cruchaudet et al., 2010b).  
Good matching in the vertical direction for the modelling without ventilation. 
 
 
3. Numerical results for gallery excavation – 2D 
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Numerical modelling (LAGAMINE-ULg) : 
 
 
Mechanical modelling in 3D state. 
 
Classical FE, no second gradient ! 
 
 
Initial anisotropic stress state (Andra URL) : 
 
 σy,0 = σz,0 = 12 [Mpa] 
 




Identical excavation :  










Mesh : 410 591 nodes 
    60 320 volume elements with 20 nodes 
      4 480 elements of stress imposition 
  752 226 equations 
             8 days of calculation 
3. Numerical results for gallery excavation – 3D 
5 m 
12 m 
12 m 5 m R: 2.3 m 
z x 
y 
σx,0 , σy,0 , σz,0 fixed  
σx , σy , σz decrease 
during excavation 
0.1 [MPa] 
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3 days 3.25 days 3.5 days 3.75 days 4 days 4.25 days 
σ/σ0 = 0.40 σ/σ0 = 0.35 σ/σ0 = 0.30 σ/σ0 = 0.25 σ/σ0 = 0.20 σ/σ0 = 0.15 
3. Numerical results for gallery excavation – 3D 
Equivalent deformation εeq : 
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3. Numerical results for gallery excavation – 3D 
Equivalent deformation εeq : 
 
 





      z<0 : excavation zone 
 
      z=0 : gallery end 
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Damaged zone   strain localisation zone similar to in situ measurements 
 
           modelling provide information about the rock structure and evolution within this 














            need for a better definition of : - the rock anisotropy  
      - the properties changes 
      - the hydromechanical coupling 
 
 
4. Conclusions and outlooks 
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